Sun-stimulated chlorophyll a fluorescence has been measured in situ, within the upward and downward light fields, in oceanic waters with chlorophyll concentrations of 0.04 -3 mg m
Introduction
Although it was not identified as such, solarstimulated fluorescence of chlorophyll a was likely observed for the first time by Tyler and Smith in 1967, 1 in the San Vincente reservoir near San Diego, Calif. The upwelling irradiance spectra, measured at depths from 1 to 6 m within this body of water, distinctly showed a relative, Gaussian shaped, maximum in the red part of the spectrum. 1 Later, this feature centered about 685 nm was repeatedly detected in nadir radiance signal or in subsurface reflectance and was independently interpreted as fluorescence emission by chlorophyll-bearing cells. 2, 3 This attribution was confirmed by Gordon, 4 who showed that the enhancement of reflectance near 685 nm can be fully accounted for by Sun-induced in vivo fluorescence of living algal cells; he also concluded that, even if the yield of this process remains low, the emission is significant and detectable ͑see also Kattawar and Vastano 5 ͒. The yield is simply defined as the ratio of the amount of energy ͑or number of photons͒ emitted to the energy ͑or photons͒ absorbed. Thereafter, systematic observations of the fluorescence signal in the upward irradiance field were carried out and reported. 6 On the basis of these measurements, estimates of the in situ quantum yield of chlorophyll fluorescence were derived in different locations and at various depths in the water column. 7 Kiefer et al. 8 built a submersible radiometer specifically designed to measure the "natural fluorescence" ͑the term that they coined for solarinduced chlorophyll fluorescence͒ throughout the euphotic zone. Following ideas developed by Falkowski and Kiefer, 9 possible relationships between this fluorescence signal and the size and photosynthetic rate of the algal crop were investigated. 10 Topliss and Platt 11 also examined such potential applications.
Simultaneously, it was acknowledged that quantitative interpretation of in vivo fluorescence data is still hampered by insufficient information about the processes that control the fluorescence yield of natural phytoplanktonic populations in their environment. 12 Laboratory studies of fluorescence that use isolated chloroplasts or cell preparations under external illumination are numerous, and the significance of the fluorescence process in plant physiology is broadly understood ͑see, e.g., the review by Krause and Weis 13 ͒. In contrast, in situ determinations of the fluorescence yield by intact phytoplanktonic organisms in their habitat remain rather scarce. The variations of this yield under various natural conditions are also poorly documented.
The derivation of the yield requires, besides accurate quantification of the fluorescence signal, that the spectral composition of exciting energy as well as the spectral absorption capability of phytoplankton be known. These requirements could not be fulfilled in the absence of determination of algal absorption or with the nonspectral prototype instrument developed by Kiefer et al. 8 They were partly satisfied in the experiments of Kishino et al. 7 that included detailed spectral ͑upward͒ irradiance measurements and the use of three generic phytoplankton absorption spectra that were assumed to be typical of the three locations investigated.
The present study takes advantage of the simultaneous deployment of two instruments, namely, a spectroradiometer ͑LI-COR Instruments Model LI-1800 UW͒ which measures spectral irradiance at discrete depths, and a Biospherical Instruments ͑Model PNF 300͒ profiler, which continuously measures the fluorescence signal ͑and actually derives from the prototype of Kiefer et al. 8 mentioned above͒. It also takes advantage of the combination of these optical measurements with systematic determinations made at various depths in the same locations of the absorption spectra of living phytoplankton. Knowledge of the algal absorption allows separate estimates of the fluorescence quantum yield to be made from the data provided by each instrument. Making this derivation and comparing the two estimates are the first aims of this study. In passing, deriving from the PNF 300 profiler ͑combined with actual algal absorption͒ is not the usual way to use the data provided by this device. On the contrary, the product of and algal absorption is commonly assumed to be constant, so under this coarse assumption a chlorophyll concentration profile is straightforwardly derived from the fluorescence signal profile.
The red fluorescence peak can be detected not only in the upward irradiance field but also in the downward radiant field, provided that the depth is sufficient and that the spectral information is detailed and accurate ͑as it is in the case with the LI-1800 UW instrument͒. As far as we know, concomitant observations of the fluorescence emission in both directions were not explicitly reported before. In the red spectral domain the fluorescence signal is inevitably intermingled with the inelastic Raman scattering. Therefore the respective contributions of these two processes to radiation near 685 nm are to be quantitatively assessed in natural conditions. That assessment is a further aim of the present study; in its absence the estimate of the fluorescence yield is necessarily biased. For example, ignoring the Raman contribution and interpreting the PNF 300 red signal directly in terms of algal fluorescence necessarily lead to an overestimate of this emission and consequently of the yield of this process.
With the data in hand, it is possible to derive and to calculate its change with depth or location. However, the physiological implications of this change, as a response to environmental factors ͑such as light and nutrients͒, and the ecological interpretation of it in terms of algal assemblage are beyond the scope of the present study, which is essentially limited to optical aspects. Our main goal is to demonstrate that the variations in can be accurately captured with available instrumentation and through nonintrusive methods. Special attention is paid to the values near the surface compared with those at depth. Indeed, knowledge of subsurface values is required for interpretation of airborne remotely sensed fluorescence data 14 and for deriving the chlorophyll concentration within the upper layer of the ocean from the fluorescence signature detected by spaceborne sensors such as MODIS 15 and MERIS. 16 
Instruments and Methods
The PNF 300 profiler ͑Biospherical Instruments͒ and the LI-1800 UW spectroradiometer ͑LI-COR Instruments͒ were attached to each other and simultaneously immersed. The PNF 300 is a submersible instrument that aims in the nadir direction and measures the upwelling radiance within a spectral domain ͑665-740 nm, approximately͒ that encompasses the chlorophyll a fluorescence emission band. This radiance, called Lu683, is expressed in units of quanta m Ϫ2 s Ϫ1 sr
Ϫ1
. Simultaneously, the scalar irradiance E PAR ͓quanta m Ϫ2 s
͔ is measured for the whole photosynthetically active radiation domain ͑PAR; the 400 -700-nm band, approximately͒. Both signals are recorded in a continuous way, and vertical profiles of Lu683 and E PAR are obtained ͑Fig. 1͒. Another PAR sensor monitors the solar radiation incident upon the deck and thus allows the slight shift in incident radiation during the experiment to be corrected for.
The LI-1800 UW underwater spectroradiometer measures plane irradiance from 305 to 800 nm with a spectral resolution of 8 nm. Downward and upward spectral irradiance, E d ͑͒ and E u ͑͒, respectively, were measured during two successive casts. These casts were performed in rapid succession, one with the flat collector receiving the downward flux and the other after the instrument had been turned upside down. ͒; they were also corrected for changing irradiance at the surface by use of the same PAR sensor mentioned above. Therefore all the spectra, E d ͑͒ as well as E u ͑͒, recorded at various depths were normalized by the same above-water irradiance and are thus directly compatible with the simultaneous PNF 300 data at the same depth. The measurements were generally made in excellent conditions, near solar noon and under perfectly or almost cloudless skies. Normalization of all radiometric data to a constant above-surface irradiance was thus easy and accurately achieved.
Whereas the PNF 300 sensor can perform measurements in a continuous way and thus provides vertical profiles, the LI-1800 UW instrument must be stopped at discrete depths for determination of spectral irradiance ͑scanning a spectrum takes ϳ25 s͒. The protocol was always to lower the package continuously to a maximum depth ͑100 m or more͒ and then to stop it at selected levels during the upcast and operate the hyperspectral instrument. Fluctuations caused by surface waves and lens effects prevented the measurement of E d ͑͒ within the upper layer. Noise-free spectra were in general successfully recorded only when depth exceeded 20 -25 m in clear waters. In contrast, there was no noise in the E u ͑͒ determinations, even close to the surface. The nominally selected depths ͑increments of 5 or 10 m͒ were the same for the E d and E u measurements, but in practice these depths were slightly different from those of E d and E u ͑often by less than 1 m͒, as measured by the pressure gauge. For comparison, the E d ͑͒ spectrum was ͑logarithmically͒ interpolated between the two depths that bracket E u ͑͒ in such a way that upwelling and downwelling irradiance spectra were at exactly the same depth.
The absorption spectra of total particulate matter, collected onto glass-fiber filters, were determined by a wet-filter technique and corrected for the path-length amplification effect. 17, 18 Absorption spectra for nonalgal material were determined by a chemical extraction method 19 or a numerical decomposition technique. 20 We derived the phytoplankton absorption spectra needed for the present study by subtracting the nonalgal absorption from the particulate absorption. The sampling for absorption and pigment determination was normally effected twice, before and after the optical cast; nominally eight depths from 5 to 105 m were sampled. These sampling depths generally did not coincide exactly with those of the irradiance measurements. When needed, a simple linear procedure was applied such that we could infer the absorption spectrum at the level of the optical determination or even produce a quasi-continuous vertical profile of the absorbed radiation ͑to be associated with the PNF 300 profiles͒. Pigment determinations were made for the same samples by a high-performance liquid chromatography technique. 21 The description above is related to the instruments and methods that were employed during a cruise in the tropical central Pacific Ocean ͑see below͒. Data from another cruise, in the rich waters of the Peru upwelling area, are also examined in the present study ͑see below͒. Methods used during the second cruise were slightly different from those of the first, as here a custom-built spectroradiometer was used for E d ͑͒ and E u ͑͒ measurements and there was no sensor equivalent to the PNF 300 instrument. The pigment determinations were made through conventional spectrophotometric or fluorometric methods, whereas the absorption spectra 20 were measured as for the central Pacific, although in a less systematic manner ͑with respect to depth͒. For the sake of completion in terms of chlorophyll range and trophic state, data from the near-surface layer of the Peru upwelling cruise are comparatively examined. 
Locations and Cruises
The OLIPAC ͑Oligotrophie en Pacifique͒ cruise, in November 1994, consisted of a south-north transect along the 150°W meridian from 13°S to 1°N, with 11 daily stations, and then of two 5-day stations, at 5°a nd 16°S. 21, 22 Extreme oligotrophic conditions prevailed in the southernmost locations, with chlorophyll concentration ͓Chl͔ always below 0.1 mg m Ϫ3 in the upper layers, above a deep ͑100 -140-m͒ chlorophyll maximum ͑DCM͒, where the ͓Chl͔ slightly exceeded 0.25 mg m
Ϫ3
. The oligotrophic character of these oceanic waters progressively diminished northward; near the equator the situation was drastically different, with an algal biomass uniformly distributed along the vertical, and ͓Chl͔ values near 0.3 mg m
. The PACIPROD ͑Pacifique Productivity͒ cruise ͑first leg in August 1986͒ started from the Peruvian upwelling area near Cabo Nasca and ended in Guayaquil, Ecuador. 23 In this zone, mesotrophic to eutrophic waters were regularly encountered from offshore to near-shore stations, with ͓Chl͔ values ranging from 0.85 to 4.5 mg m
. Even near the Peruvian coast, where the highest ͓chlorophyll concentrations͔ were observed, the waters were case 1 waters. 24 
General Background
The flux, F f ͓W m (
The fluorescence emission is isotropic and takes place within a spectral domain denoted ⌳ em ; the spectral domain that contains the excitation wavelengths is denoted ⌳ ex . When one is dealing with planktonic algae and chlorophyll a fluorescence, the flux absorbed at the depth considered, z, can be expressed as
where E ͑͒ is the spectral scalar irradiance at this depth, ͓Chl͔ is the local chlorophyll concentration ͓mg m Ϫ3 ͔, and a*͑͒ is the chlorophyll-specific absorption coefficient of phytoplankton ͓m 2 mg Ϫ1 ͔; the integration is performed over the ⌳ ex domain.
In Eq. ͑1͒, is a realized yield. It may, and generally does, differ from the true physiological yield. Indeed, partial reabsorption of the emitted light may occur inside the organism before this light can escape 16, 25 in such a way that the realized yield is less than the true yield. In what follows, only this realized yield is computed and discussed.
Equation ͑2͒ can conveniently be condensed to
If, in Eq. ͑1͒, F f and A ex are both expressed in quantum units ͓mol quanta m Ϫ3 s Ϫ1 ͔, is the fluorescence quantum yield, namely, the ratio of the number of photons emitted per number of photons absorbed. In this case the spectrally weighted specific absorption coefficient of phytoplankton a * ex ͓which appears in Eq. ͑2Ј͔͒ has to be computed according to
where the denominator represents E ex expressed in quantum units. In what follows, the fluorescence yield is always computed and discussed on a quantum basis.
A. Fluorescence Yield from Nadir Radiance
A thin water layer of thickness dx, located at a distance x below the sensor ͑located at a depth z͒, produces by fluorescence an elementary radiance dL f ͑x͒:
where the factor ͑1͞4͒ accounts for the isotropic character of the fluorescence emission. Now, the excitation flux at x is related to that at the sensor level ͑x ϭ 0͒ through
where E ex ͑ xϭ0͒ represents the scalar irradiance for the entire spectral domain ⌳ ex , and K ex ͑denoted simply K hereafter͒ is the attenuation coefficient for this polychromatic scalar irradiance. The elementary radiance dL f ͑x͒ is attenuated when it is traveling upward along distance x to reach the sensor. In the spectral domain that corresponds to the chlorophyll fluorescence emission ͑near 685 nm͒, scattering is negligible compared to absorption, and in fact absorption results essentially from the water itself and is rather high. 26 Therefore the diffuse attenuation coefficient that affects dL f ͑x͒ practically reduces to the absorption coefficient 8 and by approximation is simply written as exp͑Ϫa em x͒, where a em is the mean water absorption coefficient for the spectral domain that corresponds to the chlorophyll fluorescence emission, ⌳ em . At the level of the sensor ͑i.e., at x ϭ 0͒, radiance dL f ͑z͒, which originates from the layer at x, is thus expressed as
where a ex ϭ ͓Chl͔a * ex ͓see Eq. ͑2Ј͔͒. We then obtain the total fluorescence signal received by the sensor, L f ͑z͒, by integrating Eq. ͑5͒ with respect to x, from 0 to ͑in principle͒ infinity. In practice, because a em is large, L f is essentially created by the nearest layers ͑see below͒, so can be safely assumed to be constant and left outside the integral. In the same way, a ex , a em , and K can be considered constant over the depth interval involved in the integration. Therefore, un-der these reasonable assumptions, integrating Eq. ͑5͒ simply leads to
Equation ͑6͒ is equivalent to Eq. ͑17͒ of Kattawar and Vastano. 5 
B. Fluorescence Yield from Upward and Downward Plane Irradiances
The contributions of fluorescence to the irradiances E d ͑͒ and E u ͑͒, once they are integrated over the ⌳ em spectral domain, are denoted E f2 and E f1 , respectively. As the fluorescence emission is isotropic, the flux that is exiting a horizontal layer is L, and Eq. ͑6͒ thus becomes
where replaces a em and represents an attenuation coefficient for the irradiance generated by fluorescence and propagating upward. This coefficient, similar to the defined by Kirk 27 for elastically backscattered radiation, is equal to that considered for radiation reflected by a Lambertian reflecting bottom. 28 An analytical approach or Monte Carlo simulations show that its value is 1.5 a em , a value that is also used by Marshall and Smith 29 for the Raman emission.
For the fluorescence contribution to downward irradiance, the sign in Eq. ͑4͒ is reversed as the layers above the instrument are increasingly lit when distance ͑x͒ from the sensor increases ͑conversely to what happens for E f1 ͒, so exp͑ϪK ex x͒ becomes exp͑ϩK ex x͒, whereas remains unchanged. Therefore, when one is dealing with the downward flux and the E f2 signal, Eq. ͑7͒ becomes
In writing Eq. ͑8͒ it must be also assumed that the water layers above the instrument ͑and thus the upper limit for integration͒ are not limited by the presence of the air-water interface; consequently this expression is valid far enough from the surface ͑see below͒. The asymmetry factor between the two signals is described by the ratio
Note that one can also directly obtain the factor 1͞4 in Eqs. ͑7͒ and ͑8͒ by considering that the average cosine for the isotropic emission is 1͞2 and that only half of the yield is involved when the upper and lower half-spaces are separately considered.
If the two signals are added,
The chlorophyll fluorescence emission is approximately Gaussian in shape, centered at 683-685 nm, with a half-height width of ϳ25 nm. In this spectral domain, absorption that is due to water molecules is predominant in oceanic waters. We can obtain the mean absorption coefficient a em by considering the pure-water absorption spectrum 26 convoluted with the Gaussian curve, which yields a em ϭ 0.495 m
Ϫ1
. In case 1 waters, the increment that is due to the presence of biological materials is less than 0.02 m Ϫ1 when the ͓Chl͔ is 1 mg m
Ϫ3
. The mean a em value adopted is simply 0.51 m Ϫ1 and is 0.76 m Ϫ1 for . The attenuation coefficient K for scalar irradiance is close to the coefficient for downward irradiance over the same ⌳ ex spectral range; it is thus derived from the E d ͑͒ measurements. For the OLIPAC cruise, K lies at 0.035-0.055 m
Ϫ1
, depending on depth and location. The sum and difference ͑ ϩ K͒ and ͑ Ϫ K͒ take, on average, the values 0.80 and 0.72 m Ϫ1 , respectively. With such K and values it is easy to see ͓by integrating Eq. ͑5͒ up to 90% of its final value, which is reached when x tends toward infinity͔ that 90% of the fluoresced photons in the upward flux originate from a 2.9-m-thick layer below the sensor ͓Eq. ͑6͒ or ͑7͔͒. Within the downward flux, 90% of the fluorescence comes from a 3.2-mthick layer above the sensor; therefore Eq. ͑8͒ becomes valid beyond this depth, and, practically ͑because of limitations owing to fluctuations͒, it will never be used at depths less than 30 m. For the PACIPROD stations the actual K values are higher and range from 0.11 to 0.21 m
; they are used on a case-by-case basis, whereas is kept unchanged.
The limit of the excitation spectral range, ⌳ ex , toward the short-wavelength region is not well known; it is set at 370 nm. In the red part of the spectrum, the excitation and emission domains partly overlap, and reabsorption may occur. The upper limit for ⌳ ex is arbitrarily set at 655 nm and emission domain ⌳ em is bounded by wavelengths of 655 and 710 nm.
When it is needed, scalar irradiance is derived from downward plane irradiance. One makes this transformation simply by applying a constant factor equal to 1.30 to the downward irradiance. In fact this geometric factor, which depends on wavelength, depth, and illumination conditions above the surface, can be computed from the radiative transport equation. 30 The value given above is an approximation for the conditions encountered during the experiments analyzed below and for the whole ͑⌳ ex ͒ spectral domain. Considering other experimental sources of uncertainties, this approximation seems amply sufficient.
D. Description of the Data
The various kinds of optical measurement ͑upward and downward irradiances, nadir radiance data, spectral and nonspectral determinations͒ from the OLIPAC cruise were used for the present study. For the PACIPROD cruise, among the E u spectra, only those determined just beneath the surface were considered. Including these near-surface data allows the chlorophyll range to be widely extended toward high values, in particular for remote-sensing applications. Typical examples of the fluorescence data analyzed in the present study are displayed in Figs. 1  and 2 . Figure 1 shows the vertical profiles of E PAR and Lu683 as recorded at an OLIPAC station ͑see the figure caption͒ where the ͓Chl͔ was constant ͑0.18 mg m Ϫ3 ͒ down to 55 m and then increased to a maximum of 0.29 mg m Ϫ3 at 60 -75 m. As is clearly shown by these records, the Lu683 signal is drowned within the elastically backscattered sunlight in the upper layer down to ϳ12 m. Beyond this depth, when the background has vanished, the inelastic signal decreases slowly. The slope of this decrease ͑between 15 and 55 m͒ is distinctly less than that of the PAR decrease ͑K PAR is ϳ0.048 m Ϫ1 ͒. This difference presumably originates from attenuation of the blue and bluegreen radiation absorbed by algae and exciting the fluorescence emission, which is less than the attenuation for the entire PAR domain. Note that an increase in the fluorescence quantum yield may also occur and could explain the slope divergence. The maximum in the L u profile that occurs at 60 m coincides with the biomass maximum. Beyond 75 m, where K PAR decreases progressively from 0.052 m
Ϫ1
at the level of the DCM to 0.037 m Ϫ1 ͑at 100 m͒, Lu683 decreases in a steeper manner than does PAR, essentially as a result of the progressive diminution of algal biomass.
An example of downward and upward irradiance spectra measured at the same location and depth is shown in Fig. 2͑a͒ . The fluorescence emission is clearly detected in both records, with similar peak heights above different backgrounds. In Fig. 2͑c͒ an enlargement of the spectra in the 625-725 nm domain is also provided; these irradiance measurements were carried out at various depths in another station selected because the ͓Chl͔ vertical profile was uniform. As anticipated ͓Eq. ͑10͔͒, the fluorescence peak within the downward radiant flux is systematically above that which emerges from the upward flux. The peak height decreases along with the depth according to an attenuation coefficient of ϳ0.038 m Ϫ1 ͑30.8 -61.2 m͒, approximately equal to the mean K coefficient for blue and green downward exciting radiation and thus slightly smaller than K PAR ͑which amounts to 0.046 m Ϫ1 ͒. When the depth increases, the upward fluorescence signal becomes increasingly detached from the background. Below the 15-m depth, the upward irradiance measured on the short-wavelength side of the peak ͑within the 650 -660-nm band͒ is due exclusively to inelastic Raman scattering. With increas- ing depth, the decrease of this Raman signal is more accentuated than the decrease in the fluorescence peak itself. This is a consequence of an attenuation of the radiation that is able to excite the Raman emission ͑a band near 550 nm͒, which is stronger than the attenuation that affects the blue-green radiation ͑which is predominant in exciting the chlorophyll fluorescence͒. As a consequence, the fluorescence peak generally becomes more prominent above the background when depth increases.
The situation is similar for the peak detected in the downward flux, except that the transmitted sunlight also contributes to the downward irradiance within the 650 -660-band and thus to the formation of the background ͑down to ϳ35 m in the instance shown͒. Beyond this depth, the transmitted radiation is vanishingly low, so the background also becomes a pure Raman scattering signal, as in the upward radiative field; note that the downward Raman signal generated by the upper layers is larger than the upward signal, for the same reason as was already explained for fluorescence.
Several examples of the fluorescence emission as detected in the upward flux, just beneath the surface, are shown in Fig. 2͑b͒ . OLIPAC and PACIPROD data, with ͓Chl͔ varying over a wide range ͑see the caption to Fig. 2͒ are displayed together, in terms of spectral reflectance R͑͒, defined as the ratio E u ͑͒͞ E d ͑͒. Such R͑͒ spectra are independent of the level of incident irradiance and thus directly comparable in shape and magnitude. The prominent fluorescence peak associated with high biomasses ͑Peruvian upwelling͒ reduces to a small, albeit noticeable, peak in oligotrophic waters ͑tropical Pacific͒.
As proposed by Gordon 4 for reflectance spectra, or by Kishino et al. 6 for upward irradiance spectra, one can operationally quantify the fluorescence emission by considering the fluorescence peak after having adopted a baseline, assumed to represent the reflectance or the upward irradiance in the absence of fluorescence. The rather monotonic increase of water absorption within this spectral interval allows a straight line ͑in linear coordinates͒ to be adopted as a convenient baseline. In what follows, the straight line drawn from 655 to 710 nm is systematically used, and the same procedure is applied to upward as well as downward irradiance spectra. These wavelengths were adopted after a careful visual inspection of the records and also because they are symmetrical ͑Ϯ27.5 nm͒ about the peak ͑682.5 nm͒ and distant enough to capture the whole fluorescence emission.
The integral of the spectrum above this baseline represents the amount of energy emitted through fluorescence. The integral below this line represents the background. For the upwelling spectra, the background originates from Raman emission or, at shallow depth, from Raman plus elastically backscattered radiation. In the case of downwelling irradiance, the transmitted radiation, when it is still present, is also included in the background. Note that, for the deepest experiments, drawing a baseline may in practice become problematic, as the wings of the peak are swamped within the instrumental noise ͓see the deepest measurements in Fig. 2͑c͔͒ . Therefore all peaks, baselines, and corresponding integrals have to be visually controlled on a case-by-case basis before adoption or rejection. Rejection was inevitable when the peak was not well delineated or did not emerge sufficiently from the background, as generally occurred in oligotrophic waters when the ͓Chl͔ was below ϳ0.07 mg m
Ϫ3
. Extreme examples of chlorophyll-specific absorption spectra ͑Fig. 3͒ have been selected to illustrate the variability in magnitude of these coefficients, which directly affects the computation of the absorbed energy ͓Eq. ͑2͔͒. This variability for the OLIPAC samples has already been discussed in detail elsewhere. 31 Suffice it to recall that, in oligotrophic stratified waters, the presence of nonphoto- Fig. 3 . Examples of chlorophyll-specific absorption spectra of algae in three situations ͑a͒ in oligotrophic waters, ͑b͒ in mesotrophic waters ͑OLIPAC cruise͒, ͑c͒ in eutrophic waters ͑PACIPROD cruise͒ in the Peruvian upwelling zone. 20 For ͑c͒, only nearsurface waters samples are shown; for ͑a͒ and ͑b͒, the sampling depths are indicated, together with the SeaTech fluorescence and density profiles. synthetic pigments ͑such as zeaxanthin͒ induces a drastic enhancement of a*͑͒ in the blue part of the spectrum ͓Fig. 3͑a͔͒, particularly for the upper layer samples, and then a regular decrease of specific absorption with increasing depth. In contrast ͓Fig. 3͑b͔͒, in mesotrophic and in well-mixed waters, the a*͑͒ values are considerably lower and do not vary widely with depth. In the eutrophic waters of the Peruvian upwelling ͓Fig. 3͑c͔͒, low a*͑͒ values, which are typical of large algal cells, 17, 32 are systematically found at all depths ͑only surface samples are shown͒.
Results

A. Estimates of the Quantum Yield from the Spectroradiometer Data
We isolated the fluorescence signals E f1 and E f2 considered below from the upward and downward irradiance spectra by subtracting the background, as explained above. Even if only E f1 ͑z͒ is considered for the computation of ͓Eq. ͑7͔͒, E d ͑, z͒ must still be known and convoluted with the algal absorption spectrum ͓Eq. ͑2͔͒ to yield the amount of absorbed energy. Therefore cannot be derived for the upper layers, to the extent that it was not possible to determine E d ͑, z͒. For the layer closest to the surface, however, a possibility of extracting from the upward irradiance measured just beneath the surface does exist and is examined below. The results for the OLIPAC cruise, obtained through Eq. ͑7͒ and based on E f1 only, are given in chronologicalgeographical order in Fig. 4͑a͒ . Distinct symbols approximately indicate the corresponding depths ͑including the near surface͒. In Fig. 4͑b͒ the same values are plotted as a function of depth for each station; the latitudes are given for those profiles that exhibit particularly high or low values. The fluorescence yield at the same depths can also be derived from the downward field ͓Eq. ͑8͔͒. The quantum yield estimates derived from the upward fluorescence signals are in excellent agreement ͑Fig. 5͒ with those derived from the ͑independent͒ downward measurements, which reinforce the confidence in the results. This agreement is also reflected by the fact that Eq. ͑9͒ is rather well verified, at least within the accuracy expected from measurements of such weak signals and when one considers the unavoidable uncertainties that result from the delineation and extraction of the background. Indeed, the mean value ͑all depths pooled together͒ of the ratio E f2 ͑z͒͞E f1 ͑z͒ is 1.13 ͑Ϯ0.12 at one standard deviation and N ϭ 55͒, whereas the predicted value ͓Eq. ͑9͔͒ is 1.11 ͑ϭ0.80͞ 0.72͒, according to the mean coefficients adopted.
B. Estimates of the Quantum Yield from the Profiler Data
The computation of the quantum yield of fluorescence based on the PNF 300 data makes use of Eq. ͑6͒. Nevertheless, this derivation is not straightforward to the extent that a ex is not known. Beside knowledge of the algal absorption spectrum, the computation of a* ex also requires knowledge of the spectral distribution of the light that is available at the depth considered. Practically, a* ex is computed with Eq. ͑2Љ͒, where the spectral E ͑͒ values ͑not measured͒ are replaced by E d ͑͒ measured at the same depth with the LI-1800 UW instrument. Finally, one obtains the absorbed radiation by using E ex ͑z͒ ͑actually PAR͒ measured with the PNF 300 sensor and then reassembling these quantities according to Eq. ͑2Ј͒. Using the quantity ͓E d ͑͒ ϩ E u ͔͑͒ rather than solely Fig. 4 . ͑a͒ Fluorescence quantum yields derived from the LI-1800 UW ͑LiCor͒ upwelling irradiance data at all stations all along 150°W and at latitudes as indicated ͑the increment in the x axis actually corresponds to 1 day; 5-day stations were occupied at 5°a nd 16°S͒. Symbols represent the depth of the estimates. ͑b͒ Same data as in ͑a͒ displayed for each station as a function of depth. Stations with particularly high or low are indicated by their latitude ͑longitude is always 150°W͒.
E d ͑͒ when computing a* ex would be in principle more accurate, but this refinement has no practical effect ͑less than 1%͒ on the resultant a* ex value. Resorting to E d ͑͒ as a substitute for E ͑͒ limits the exploitation of the PNF data to those depths where the LI-1800 UW spectral data were obtained. The comparison below is made on the basis of these discrete measurements only. A possible interpolation procedure by which the above limitation can be practically removed under some assumptions is presented in Subsection 5.E.
C. Comparison of the Two Estimates
In the clear Pacific waters investigated, the two series of estimates ͑from the LI-1800 UW and the PNF 300 data͒ can be compared within the 20 -63-m depth range for the following reasons: As was already said, the backscattered radiation contaminates the Lu683 signal down to ϳ15 m; anyway, E d ͑͒ cannot be measured at depths less than 20 m. Because of the sensitivity limitation of the LI-1800 UW instrument, the fluorescence peak cannot be quantitatively extracted from the noise that affects the downward or upward irradiance spectra when the depth exceeds 65 m in the clearest waters, so a comparison with the PNF 300-based estimates is no longer possible.
At 20 m or deeper, the inevitable inclusion of the ͑Raman͒ background in the Lu683 signal results in an overestimate of the fluorescence quantum yield if this signal is exploited without caution. In fact, it is possible to evaluate the contribution of the Raman scattering to the total signal recorded in the red band by taking advantage of the contemporaneous spectral irradiance measurements. As explained above, it suffices to compare the integrals when one is excluding or including the background. As a result of such comparisons, it follows that the Raman background amounts to values that generally comprise 25-35% of the total signal recorded by the LI-1800 UW instrument within the 655-710-nm band. These numbers can be used, case by case, for correcting the PNF 300 data from the unwanted contribution ͑which varies with depth͒ and thus for deriving Raman-corrected fluorescence yields. Whereas the PNF 300 instrument can easily detect a significant Lu683 signal at great depth ͑actually detected down to 160 m͒, removal of the Raman background, which rests on the use of the spectroradiometer, cannot be achieved for such depths.
We acknowledge that, at great depth, the relative contribution of the Raman emission is considerably reduced. Indeed, this contribution ͑given a uniform chlorophyll profile, for example͒ decreases for increasing depth because the attenuation of the blue radiation exciting the fluorescence is smaller than that of the green radiation ͑near 550 nm͒, which excites the Raman scattering near 683 nm. As a consequence, a significant Lu683 signal recorded at great depth can safely be attributed to the sole chlorophyll fluorescence ͑for example, within the DCM layer found at 120 -160 m in oligotrophic waters at 16°S, 150°W͒. At intermediate depths, when the Raman emission has not yet vanished its relative contribution obviously depends on the chlorophyll concentration, which determines the magnitude of the fluorescence emission. As a consequence, the unwanted contribution increases for decreasing ͓Chl͔ in oligotrophic environments. When the Raman contribution exceeded 35%, inaccurate ͑and therefore discarded͒ values at intermediate depths were computed when the ͓Chl͔ was below 0.07 mg m
Ϫ3
. Note that, for this specific reason, only a few data for the oligotrophic station at 16°S are shown in Fig. 4͑a͒ .
The values derived for the same depths by use of the Lu683 signal, or by use of the E f1 signal estimated from the LI-1800 UW data, are comparatively displayed in Fig. 6 . We show the ͑PNF͒ values, before the Raman contribution is removed, to illustrate the importance of this correction. As the depth does not exceed 63 m in this comparison, the Raman contribution actually was never negligible for these instances. After the correction is effected, both estimates are brought back very close together, with a 1-to-1 relationship ͑when the five highest values are discarded͒.
D. Quantum Yield in the Near-Surface Layer
The Lu683 sensor is inoperative inside the nearsurface layer, as it captures essentially backscattered radiation. The quantum yield for fluorescence can nevertheless be computed ͓Eq. ͑7͔͒ from the spectral upward irradiance measured with the LI-1800 UW instrument just below the surface ͑generally at a variable depth near 1 m͒. Within this irradiance spectrum, the E f1 signal can be isolated and quantified above the baseline; then it can be associated with the downward irradiance spectrum recorded above the surface after due correction. The correction includes two terms, namely, the loss by reflection at the interface ͑a constant transmission factor equal to 0.95 is adopted͒ and the geometric factor that accounts for the redistribution of radiant energy, i.e., the transformation of downward plane irradiance into a scalar irradiance. For the latter effect, a mean value of 1.20 is adopted. The rapid change in the spectral distribution of exciting radiation within the successive upper thin layers that contributes to the fluorescence emission is another complication, which is simply ignored ͓that means that K in Eq. ͑4͒ or Eq. ͑5͒ is not made dependent on the distance x͔. Therefore the yield values are admittedly approximate. This method is used for the OLIPAC data with low or moderate ͓Chl͔ and also for the PACIPROD data, which exhibit huge fluorescence peaks owing to the presence of much higher algal biomasses ͓Fig. 2͑b͔͒. The near-surface fluorescence quantum yields in the OLIPAC stations are dramatically less ͑by factors of 3-5͒ than the yields determined at depth, and this depression quantifies the importance of photoinhibition processes. The near-surface values for this cruise, as displayed in Fig. 4, lead to an , approximately͒. The results for the PACIPROD cruise ͑not displayed͒ lead to an average value above those of OLIPAC, namely, 1.53% ͑Ϯ0.4, with N ϭ 11͒. It is worth noting that, during this cruise, the incident PAR values were generally half of those cited above. In three specific instances, when measurements were made under heavily overcast conditions ͑ϳ200 mol quanta m Ϫ2 s Ϫ1 ͒, even higher values, namely, 2.9%, 3.1%, and 4.3%, were derived.
E. Full Profiles of the Quantum Yield from the Profiler Data
As was already strongly suggested by the profiles in Fig. 4͑b͒ , the fluorescence quantum yield distinctly increased with increasing depth for all stations of the OLIPAC cruise. This preliminary observation, based on discrete estimates, can be more thoroughly documented by use of the PNF 300 continuous profiles, even if the approach is necessarily less rigorous. Indeed, some interpolations, and associated assumptions of continuity within the water column, are needed if one is to make use of all the information contained in the vertical Lu683 profiles.
The approach consists of operating Eq. ͑2Љ͒ and computing a * ex each time that it is possible. In fact, at each depth at which a chlorophyll-specific absorption spectrum has been measured ͑nominally at eight depths from 5 to 105 m͒ and ͓Chl͔ determined, the appropriate E d spectrum is known or obtained by interpolation͒; then A ex , the amount of absorbed energy, can be computed. By interpolating among these eight levels one can continuously express A ex as a function of depth, and thus it becomes possible to transform the fluorescence profile ͑binned every 5 m͒ into a quantum yield profile. Again, the values must be corrected for the Raman emission. Examples of full profiles of are provided in Fig. 7 , where three typical situations are presented. The first one is characterized by a vertically homogeneous biomass ͑down to 90 m; Fig. 7 , inset͒. In the second situation the vertical profile exhibits a broad DCM, and for the third station, in stratified oligotrophic waters, the DCM occurs much deeper ͑145 m͒. 21 Despite the absence of stratification and vertical structures in the first situation, the profile is strongly and regularly featured, with maximal values near 70 m. This suggests that the shape of this profile would essentially result from physiological adjustments to the radiative level and that these adjustments are made quickly ͑at least compared with the time scale of the possible vertical motions inside such a well-mixed layer͒. In the second situation, the profile is similar, apart from its asymmetrical shape, which is likely associated with the vertically Fig. 6 . Quantum yield values derived from the PNF 300 instrument ͑PNF͒, without ͑raw͒ or after Raman correction as a function of those derived from the upward fluorescence signal determined with the LI-1800 UW ͑LI-COR͒ instrument; when the five ͑LI-COR͒ values that exceed 5% are excluded, the slope of the regression line ͑solid line͒ is 0.995, and r 2 ϭ 0.98. structured algal distribution. The maximum in , which occurs at 85 m, is below the DCM ͑lying from 50 to 80 m͒. The converse is true for the third situation, as the smooth maximum ͑at 80 m͒ is well above the DCM. In this ultraoligotrophic situation, the entire profile is characterized by distinctly lower values, even if its convex shape is rather similar to that found in the second situation. If ͑hypothetical-ly͒ the general shape of the profile is to be related to irradiance levels, it must be noted that the position of the maximum does not coincide with a well-defined optical depth. Indeed, at the level where experiences its maximum, the PAR is reduced to approximately 3%, 1%, and 6% of its surface value at the three stations, respectively. If it exists, the link between availability of light and the level at which experiences its maximum is not tight. However, at least for the first two stations in Fig. 7 , decreases abruptly below the euphotic depth, Z e ͑the 1% PAR level͒.
Discussion and Conclusions
It is somewhat useless to compare the present estimates of the quantum yield with already published values inasmuch as, in previous studies, the magnitude and the spectral dependence of the in vivo absorption coefficient for algae were assumed, whereas in the present study the crucial quantity expressed by Eq. ͑2͒ was assessed in a rather accurate way and on a case-by-case basis. Nonetheless, it is worth noting that the low values derived by Gordon 4 or by Kattawar and Vastano 5 from spectral reflectance just beneath the surface and by use of a mean algal absorption spectrum are approximately similar to those found here within the upper layer. As the determinations were made near local noon under maximal incoming radiation, the values are depressed. The diel variations are in opposite phase with respect to the solar irradiance cycle, 16 and the depression near noon results mainly from nonphotochemical quenching. 33, 34 This effect is obviously maximal for the near-surface values. At depth, increases with values regularly distributed along the vertical ͑Fig. 7͒. The present deep values, generally 2-3% and reaching 5-6% in a few instances, are considerably lower than those reported by Kishino et al., 7 who found values of 6 -12% in open ocean and for the layer located below the 10% PAR level.
In oligotrophic waters ͓13°and 16°S in Fig. 4͑a͒ or profile 3, in Fig. 7͔ , the fluorescence yield is always low and increases by only a factor of 2 from surface to depth. The algal population in these waters, dominated by Prochlorococcus, 21 exhibits high chlorophyll-specific absorption ͓Fig. 3͑a͔͒, mainly in response to the presence of abundant nonphotosynthetic pigments ͑such as zeaxanthin and diadinoxanthin 31 ͔. Such pigments do not transfer to chlorophyll molecules the energy that they have absorbed; therefore more energy is dissipated as heat, and the fluorescence quantum yield is accordingly reduced. In contrast, in eutrophic waters dominated by diatoms, with low chlorophyllspecific absorption ͓Fig. 3͑c͔͒ and no photoprotectant pigments, the energy transfer is efficiently performed by accessory pigments, and the fluorescence yield is higher, even in the near-surface layer ͑PACIPROD data͒. From south to north ͓Fig. 4͑a͔͒, and for waters becoming progressively mesotrophic ͑at 5-7°S and again near the equator͒, intermediate absorption capacities occur; they are typical of the mixed populations ͑mainly picoeucaryotes and variable and lesser proportions of Prochlorococcus and Synechococcus͒ encountered in these mesotrophic situations. 21 The yield at the surface remains low, but it increases by a factor of 5, or even of 10, at depth ͓Fig. 4͑a͒; Fig. 7 , profiles x and y͔. Such an increase, no longer related to the pigment composition and change in absorption capacities ͓they are rather stable; see Fig. 3͑b͔͒ , is more likely to be associated with a change in photochemistry and perhaps in the sharing of chlorophyll molecules between photosystems I and II ͑recall that fluorescence emission originates only from photosystem II͒.
More-elaborate interpretations of the values in terms of photophysiology are beyond the scope of the present study ͑but see Kiefer and Reynolds 35 ͒ and will be possible after systematic determinations have been made for various phytoplanktonic assemblages in diversified physical or chemical forcing conditions. It is worth noting that studying this yield requires the full suite of in situ ͑spectral irradiance͒ and in vitro ͑spectral absorption͒ measurements, which, not surprisingly, are the same as those required for a meaningful interpretation of the quantum yield for photosynthesis. The very purposes of the present methodological study were to demonstrate that the chlorophyll fluorescence signal can be measured accurately in the upward and downward radiant fields and that the value of the in situ quantum yield can be derived without interference from the Raman emission ͑provided that the full spectral information has been simultaneously acquired͒. This study has also shown that the variations of quantum yield with depth and location are well organized. Systematic field studies can thus be performed, and, on this basis, physiological interpretation and ecological application will be possible in the future.
In the perspective of remote-sensing applications, only the fluorescence yield in the upper layer is needed, as the emerging signal that is detectable from space originates from a rather thin layer ͑see, e.g., Babin et al. 16 ͒. This yield remains low, near 1%, according to the present measurements, which admittedly were performed when the solar irradiance was close to its maximum and when the diel variation of fluorescence yield passed through its minimum. Note that the equator crossing time for most of the ocean color sensors is never far from midday, so the value involved in remote sensing corresponds to clear-sky conditions near noon. Predicting or interpreting the fluorescence signal as possibly captured from space still requires assumptions or additional measurements for documenting the variability of the near-surface value.
Instead of expensive hyperspectral instruments, a simple arrangement with three channels could be an adequate solution for field measurements at sea. With two channels to establish the baseline and a central channel to measure the fluorescence signal above the baseline, it would still be possible to correct for the Raman emission and backscattered radiation. One can use incident spectral irradiance, measured above the surface or modeled, to infer the exciting radiation within the upper layer, without significant error. Finally, it should be emphasized that, when one is studying the photophysiology of natural populations, as well as for remote-sensing applications, the information needed is the in situ fluorescence quantum yield as realized under natural illumination conditions. However, most of the information currently available originates from experiments that involve various artificial light sources and often a transfer of samples. When the fast response of the photosynthetic apparatus is considered, such information may be notably insufficient when one is trying to interpret in situ processes and phytoplanktonic assemblages. For this reason, and with this purpose, a nonintrusive method is indubitably more relevant.
